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Preface

Stability analysis is an important concern for many dynamical systems, and it has
been a popular research subject in many fields, including mathematics, control theory,
mechanics, and artificial intelligence. Despite its long-standing research history,
the issues and challenges of stability analysis with respect to dynamical systems
continue to attract the attention of many researchers and scientists over the years.
Since the 1990s, investigations on stability analysis pertaining to dynamical systems
and networks have progressed rapidly. Retrospectively, the last decade has witnessed
many studies related to stability analysis of neural networks, which are formulated
as mathematical models that imitate the behaviors of biological nervous systems, in
both continuous- and discrete-time domains. Nevertheless, it is still one of the most
challenging research topics today due to the absence of complete and comprehensive
analytical solutions.

Research in neural networks covers a broad spectrum, and many fruitful real-world
applications of neural networks in various areas such as image processing, pattern
recognition, and optimization have been reported. The success of these applica-
tions largely hinges on the stability characteristics of the equilibrium point from the
designed solutions with neural networks. In general, there are two types of stability:
asymptotic stability and exponential stability. In this regard, a dominant develop-
ment of stability analysis of neural networks has been in the broad areas of control
and systems engineering. An extensive understanding of these two types of stability
analysis is crucial to ensure effective and safe use of neural networks in a variety of
practice environments.

For many years, the fundamental methodology for stability analysis of neural
networks has been on the use of Lyapunov functionals, and many comprehensive
results have been obtained. We do not intend to deliberate on this methodology in an
in-depth manner here since it has been well covered in several excellent books. On
the other hand, many innovative approaches to stability analysis of neural networks
have appeared recently. Consequently, our studies focus on the recent research
achievements in innovative stability analysis formulations corresponding to neural
networks.
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viii Preface

The aim of this book is to provide a strong foundation on recent advances in the
stability analysis of various neural network models with constrained signals as well
as to highlight the relevant key directions for further research and development. An
introductory chapter is first presented to provide an overview of dynamical systems
and neural networks, as well as their relevance to the content of this book. We then
divide our discussion on stability analysis of neural networks into two parts. Part
I, which contains seven chapters, concentrates on the recent stability problems on
various continuous-time models of neural networks. Part II, which contains five
chapters, focuses on recent stability problems on various discrete-time models of
neural networks.

The book serves as an up-to-date reference for graduate students, researchers, and
practitioners who are working on, or interested in, the general themes of stability
theory, property, and representation of dynamical systems and neural networks,
control and systems engineering, and related subjects. It is envisaged that readers can
gain a comprehensive understanding and knowledge pertaining to recent advances
in a variety of stability issues, challenges, and solutions of continuous-time and
discrete-time neural network models through the concepts, principles, and illustrative
examples presented throughout the book.

Chang Mai, Thailand Grienggrai Rajchakit
Jaipur, India Praveen Agarwal
Krishnankoil, Tamil Nadu, India Sriraman Ramalingam

April 2021



Acknowledgements

The materials presented in this book come from many years of research activities by
the first author, who has developed close academic and personal relationships with
the School of Mathematics, Southeast University, Nanjing, China, and Department
of Mathematics, Alagappa University, Tamil Nadu, India. Through numerous joint
activities, the first author has published many scholarly papers on stability issues in
prestigious journals over the past few years.

In fact, such developments are not solely ours, but because we get inspiration and
ideas from the work of many friends, seniors, and eminent scholars. Their scientific
dedication and especially their influence on our research lead to writing this book
in 2020. In this regard, it is a great pleasure to be able to thank many people who
have contributed to creating the content of this book. Without their role and help, the
publication of this book would not have been possible.

Personally, Grienggrai Rajchakit would like to express his sincere gratitude to
Prof. Jinde Cao, School of Mathematics, Southeast University, Nanjing, China; Prof.
R. Raja, Ramanujan Centre for Higher Mathematics, Alagappa University, Tamil
Nadu, India; and Prof. Chee Peng Lim, Institute for Intelligent Systems Research and
Innovation, Deakin University, Australia, for their personal dedication and genuine
help.

Praveen Agarwal would like to give his special appreciation to Grienggrai
Rajchakit, Maejo University, Thailand, for his research partnership and for giving
the opportunity to contribute to this book.

Sriraman Ramalingam would like to give his heartfelt gratitude to Grienggrai
Rajchakit, Maejo University, Thailand, for his constructive support and for giving
the opportunity to contribute to this book.

Finally, Grienggrai Rajchakit extends his thanks to Thailand Research Grant Fund
(RSA6280004), which has supported the research work presented in this book.

Chang Mai, Thailand Grienggrai Rajchakit
Jaipur, India Praveen Agarwal
Krishnankoil, Tamil Nadu, India Sriraman Ramalingam



Contents

1 Imtroduction .......... ... ... . 1
1.1 An Overview of Dynamical Systems ........................ 2
1.1.1  What Is a Dynamical System? ...................... 2
1.1.2  Delay Effects on Dynamical Systems ................ 4
1.1.3  Stability of Dynamical Systems ..................... 5
1.1.4  Lyapunov Stability of Dynamical Systems ............ 5

1.1.5  Stability Analysis of Neural Network Models
with Linear Matrix Inequality ...................... 7
1.2 An Overview of Artificial Intelligence ....................... 9
1.2.1  Support Vector Machine ........................... 9
1.2.2  Relevance Vector Machine ......................... 10
1.2.3  Genetic Programming ....................... ..., 10
1.2.4  Emotional Neural Network ......................... 10
1.2.5  Least-Squares Support Vector Machine .............. 11
1.2.6  Extreme Learning Machines ........................ 11
1.2.7  Minimax Probability Machine Regression ............ 11
1.2.8  Gaussian Process Regression ....................... 11
1.2.9  Multivariate Adaptive Regression Spline ............. 12
1.2.10 Functional Network ............. ... .. ..ooiiiai.. 12
1.3 An Overview of Neural Network Models .................... 12
1.3.1 Biological Neural Networks ........................ 13
1.3.2  Artificial Neural Networks ......................... 13
1.3.3  Stability of Dynamical Neural Networks ............. 15
1.4  Review of Fundamental Concepts ................covviion... 16
1.4.1  Impulsive Differential Equations .................... 16
1.4.2  Stochastic Differential Equations .................... 16
1.4.3  Markovian Jumping Systems ....................... 17
1.4.4  Hopfield Neural Networks ......................... 18
1.4.5  Cellular Neural Networks .......................... 19

1.4.6  Bidirectional Associative Memory Neural

Networks . ... 19

xi



xii Contents
1.4.7  Cohen—Grossberg Neural Networks ................. 20
1.4.8  Genetic Regulatory Networks ...................... 21
1.49  Neutral-Type Dynamical Systems ................... 21
1.5 Scopeofthe Book ......... ... ... . i 22
1.6  Organization of the Book .......... ... ... .. ... . ... ... 23
References ....... ... o i i 25
PartI Continuous-Time Case
2 LMI-Based Stability Criteria for BAM Neural Networks .......... 33
2.1 Introduction ................ ..l 33
2.2 Problem Statements and Mathematical Fundamentals .......... 36
2.3 Exponential Stability Criteria with Non-fragile State
Estimator .......... ... i e 40
2.4  Tllustrative Examples ............. ... ... ... L. 60
2.5 SUMMAIY ottt 65
References ....... ... i i 65
3 Exponential Stability Criteria for Uncertain Inertial BAM
Neural Networks ........ ... .. .. 69
3.1 Introduction ............ ... 69
3.2 Problem Statements and Mathematical Fundamentals .......... 72
3.3 Global Robust Exponential Stability Criteria
in the Lagrange Sense ..............ooiiiiiiiiiiiiiinnnnn... 76
3.4 Ilustrative Examples ........... ... ... ... o i il 93
35  Summary ... 98
References ....... ... 98
4  Exponential Stability of Impulsive Cohen—Grosshberg BAM
Neural Networks ....... ... ... . . . .. 103
4.1 Introduction ...........c..iiiiiiit i 103
4.2 Problem Statements and Mathematical Fundamentals .......... 105
4.3  Global Exponential Stability Criteria ........................ 110
4.4 Tlustrative Examples ... ... 127
45 SUMMATY oottt 133
References .........coooiii 134
5 Exponential Stability of Recurrent Neural Networks
with Impulsive and Stochastic Effects ........................... 139
5.1 Introduction ................ ... il 139
5.2 Problem Statements and Mathematical Fundamentals .......... 141
5.3 Exponential Stability Criteria with the Fractional Delay
Segments Method . ........ .. ... 146
5.4  Tllustrative Examples ............. ... ... . il 163
5.5 SUMMATY ..ottt e 175
References ....... ... i 175



Contents

6

Stability of Markovian Jumping Stochastic Impulsive
Uncertain BAM Neural Networks ...............................
6.1 Introduction ................... ...
6.2  Problem Statements and Mathematical Fundamentals ..........
6.3  Global Exponential Stability Criteria for Deterministic

Models ...
6.4  Global Exponentially Stability Criteria for Uncertain

Models ...
6.5 Illustrative Examples ............... ... ... ... ... ...
6.6  SUMMAIY ...t
References ....... ... oo i

Global Robust Exponential Stability of Stochastic
Neutral-Type Neural Networks .............. .. ... .. ........
7.1 Introduction ............. ..
7.2 Problem Statements and Mathematical Fundamentals ..........
7.3 Robust Stabilization Criteria in the Mean-Square Sense . .......
7.4  Global Robust Exponential Stability Criteria

in the Mean-Square Sense .............. ...,
7.5 Illustrative Examples ............ ... ... .. L.
7.6 SUMMATY ..ot
References ....... ... i i i

PartII Discrete-Time Case

8

Exponential Stability of Discrete-Time Cellular Uncertain
BAM Neural Networks ........... ... .. ... ... L.
8.1  Introduction ..................iiii
8.2  Problem Statements and Mathematical Fundamentals ..........
8.3  Exponentially Stability Criteria Using Halanay-Type
Inequality .. ...
8.4  Exponentially Stability Criteria for Uncertain Cases Using
Halanay-Type Inequality ................ . ..o iiiiinn...
8.5  Ilustrative Examples .............coiiiiiiiiiiinen..
8.6 SUMMATY ... ...t
References ........ ... ..o

Exponential Stability of Discrete-Time Stochastic Impulsive
BAM Neural Networks .......... ... .. ... . . ..
9.1 Introduction .............. . il
9.2 Problem Statements and Mathematical Fundamentals ..........
9.3 Global Exponential Stability Criteria in the Mean Square

SBIISE ot
9.4  Global Exponential Stability Criteria for Uncertain Cases

in the Mean Square Sense ..............oviiiiiiieiiinnn...
9.5 Ilustrative Examples .......... ... ... ... . L.

Xiii



Xiv Contents

0.6 SUMMATY ..ottt
References . ...

10 Stability of Discrete-Time Stochastic Quaternion-Valued

Neural Networks ....... ... ... .. .. .. .. . . . . i
10.1 Introduction ..............oiiuiii i,
10.2 Problem Statements and Mathematical Fundamentals ..........
10.3 Mean-Square Asymptotic Stability Criteria ..................
10.4 Tllustrative Examples ............ ... ... ... ... . ...
105 Summary ...
References .........oiii e

11 Robust Finite-Time Passivity of Markovian Jump
Discrete-Time BAM Neural Networks ...........................
11.1 Introduction . .............. ..o
11.2  Problem Statements and Mathematical Fundamentals ..........
11.3 Robust Finite-Time Boundedness ...........................
11.4 Robust Finite-Time Passivity ............... ...,
11.5 Tllustrative Examples ........... ... ... .. .. . ...
11.6 Summary ...t
References ....... ..o

12 Robust Stability of Discrete-Time Stochastic Genetic
Regulatory Networks ......... ... ... . i ..
12,1 Introduction ............oiiiiiee ittt
12.2  Problem Statements and Mathematical Fundamentals ..........
12.3 Robustly Mean-Square Exponential Stability Criteria ..........
12.4 Tllustrative Examples .............cciiiiiiiiiiineenn..
12,5 SUMMATY ..ttt
References . .......cooiiii



